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Abstract: Lumbar disc herniation is one of the most common degenerative spinal conditions resulting
in lower back pain and sciatica. Surgical treatment options include microdiscectomy, lumbar fusion,
total disc replacement, and other minimally invasive approaches. At present, microdiscectomy
procedures are the most used technique; however, the annulus fibrosus is left with a defect that
without treatment may contribute to high reherniation rates and changes in the biomechanics of the
lumbar spine. This paper aims to review current commercially available products that mechanically
close the annulus including the AnchorKnot® suture-passing device and the Barricaid® annular
closure device. Previous studies and reviews have focused mainly on a biomimetic biomaterials
approach and have described some mechanical and biological requirements for an active annular
repair/regeneration strategy but are still far away from clinical implementation. Therefore, in this
paper we aim to create a design specification for a mechanical annular closure strategy by identifying
the most important mechanical and biological design parameters, including consideration of material
selection, preclinical testing requirements, and requirements for clinical implementation.

Keywords: intervertebral disc; lumbar IVD herniation; annular closure device; design specification

1. Introduction
1.1. Background

Low back pain is among the leading causes of disability in the world [1]. Injury or
degeneration of intervertebral discs (IVDs) in the spine can be a cause of this disability. The
IVD has a complex structure to enable the biomechanics of human movement. The IVD
consists of a central nucleus pulposus, an irregular meshwork of collagen II fibrils with an
osmotic swelling pressure created by large amounts of proteoglycan aggrecan aggregated
along chains of hyaluronan. This is surrounded by the annulus fibrosis, collagen I fibers
oriented in oblique angles in a heterogeneous structure in distinct lamellae, with the
collagen fibers laid up in alternating oblique angles in each consecutive lamella to form an
angle-ply architecture [2-6]. The IVD structure is illustrated in Figure 1.

Degenerative changes in the intervertebral discs (IVDs) can cause a loss of hydration
in the nucleus pulposus reducing IVD height. This leads to a greater load transfer to the
surrounding annulus fibrosus (AF) creating microstructural damage in the fibers that with
time can develop into bigger tears [7,8]. Defects in the AF compromise the overall stability of
the IVD and change the normal position of the nucleus causing bulging and, in more severe
cases, IVD herniation. Lumbar IVD herniation is one of the most common degenerative
spinal diseases causing low back pain and sciatica [9,10]. IVD herniation is defined as the
localized or focal displacement of IVD material beyond the limits of the IVD space [11].
The condition affects approximately 1-3% of the general population [12], with 15-20% of
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these cases requiring surgical intervention [13]. These can include microdiscectomy, lumbar

fusion, prosthetic IVD replacement (total disc replacement), and several other minimally
invasive approaches [14].
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Figure 1. Intervertebral disc structure (IVD). (Left) The spine within the body containing the vertebrae
(bone) separated by IVDs. (Middle) Sectional view of the IVD. (Right) Cutaway view of the IVD
showing the angle-ply structure of the annulus fibrosus, adapted from [6].

Spinal fusion aims to reduce pain by restricting the motion of the affected vertebral
segment(s), but postoperative biomechanical alterations can result in loss of normal range
of motion, reduced shock absorption, instability, and spinal misalignment [15-17]. These
changes in turn cause abnormal stress/strain and increased intradiscal pressure in the
adjacent segments [16,18]. Ultimately this can lead to degeneration in IVDs adjacent to
the fused segment(s). Total IVD replacement or IVD arthroplasty is a potential alternative
to spinal fusion. It aims to restore IVD height and normal movement to the spine and
prevent early degeneration of adjacent segments. However, in reality these artificial IVDs
have limited mobility compared to normal biological IVDs [19] and may cause further
complications by dislodging from the vertebral bodies or releasing debris from the wear and
friction of the implant. Open discectomy and microdiscectomy remove only the protruding
IVD material [20,21]; these methods have high success rates ranging between 75% and
95% [21]. However, the amount of nuclear material removed and ligament damage play a
significant role in intervertebral translational instability [22].

1.2. The Importance of Annular Closure

Untreated defects in the AF contribute to higher reherniation rates [23,24] and changes
in the stability of the adjacent segments [25]. Recently, Miller et al. demonstrated that
patients with large annular defects (>6 mm) after lumbar discectomy have higher risk for
symptom recurrence and reoperation compared to those with small annular defects [24].
This is because IVDs have a very limited capacity for self-healing upon degeneration
or injury [26]. If any annular healing occurs after discectomy;, it is believed to happen
slowly and ultimately results in biomechanically inferior tissue with reduced capacity
to accommodate tensile forces [19]. This in turn may trigger reherniation under lower
biomechanical stresses in patients with large postsurgical annular defects, which comprise
approximately 30% of those treated with lumbar discectomy [26,27]. Current research in
tissue engineering is investigating biomimetic approaches to replicate the lamellar structure
and induce regeneration [28]; however, the avascular nature of this region and the low
technology readiness level of existing research strategies mean that these approaches are
likely to be decades away from clinical implementation. A recent review on advanced
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regeneration strategies of the annulus fibrosis concluded that although injectable hydrogels
may be a possible solution there are problems integrating them with native tissues and
that key challenges are to understand the IVD herniation pathway with a particular focus
on structural aspects of the annular fibrosis lamella and interlamellar matrix [29]. On the
other hand, repair has been implemented in the clinical environment using mechanical
closure devices [23,30,31]. Some of these have attempted to mechanically close annular
defects using different sutures [25,31-37], mesh-like devices [38], cyanoacrylate or other
adhesives [25,39-46], and patch- and plug-like implants [47-49] with mixed results. None
of these have been tested long-term and most have only been tested in vitro. In addition
to these closure strategies, several commercial products have been CE marked and FDA
approved to mechanically close the annulus. These include the Inclose Surgical Mesh
System and the Xclose Tissue Repair System (Anulex Technologies, Inc. Minnetonka, MN,
USA), the AnchorKnot® suture-passing device (Anchor Orthopedics XT Inc., Mississauga,
ON, USA), and the Barricaid® Annular Closure Device (Intrinsic Therapeutics, Woburn,
MA, USA).

1.3. Commercial Annular Closure Devices
1.3.1. Inclose and Xclose Systems

The Inclose Surgical Mesh System and the Xclose Tissue Repair System (Anulex Tech-
nologies, Inc. Minnetonka, MN, USA) were both commercially available and marketed as
annular closure devices (Figure 2, top); both devices received US Food and Drug Adminis-
tration (FDA) 510(k) clearance in 2005 and 2006, respectively [36,38]. The Inclose system
consisted of an expandable braided mesh-like patch and two polyethylene terephthalate
(PET) suture tethers (Anchor Bands by Anulex Technologies Inc., Minnetonka, MN, USA).
Evidence of the safety and use of Inclose is limited; no peer-reviewed literature is available
at the time of publication of this article. On the other hand, the Xclose Tissue Repair
System was more widely used as an annular closure device. However, this device was not
demonstrated to significantly reduce reherniation rates [50]. Both systems were withdrawn
from the market after multiple complications were reported [33].

1.3.2. AnchorKnot® Tissue Approximation Kit

The AnchorKnot® suture-passing device (Anchor Orthopedics XT Inc., Mississauga,
ON, USA) is designed to close the annular defect after partial or total nucleotomy (Figure 2,
middle). It consists of a Kerrison-shaped device that delivers a 2-0 ultra-high molecular-
weight polyethylene (UHMWPE) suture with a Dines knot to the AF [31]. Bateman et al.
showed no tissue reaction to the suture material and no NP extrusion at any of the sutured
levels when used in an in vivo porcine model. However, magnetic resonance imaging
(MRI) volumetric assessment showed reduced volume in both unrepaired and sutured IVDs
compared with unoperated control IVDs, but this study was not statistically significant [31].

1.3.3. Barricaid® Annular Closure Device

The Barricaid® Annular Closure Device (Intrinsic Therapeutics, Woburn, MA, USA) is
another commercially available implant used in lumbar discectomies (Figure 2, bottom).
The device consists of a woven polyethylene terephthalate (PET) mesh attached to a
titanium bone anchor fixed in position into either of the adjacent vertebral bodies of the
IVD. The flexible polymer mesh forms a mechanical barrier that closes the annular defect
and prevents subsequent migration of the nuclear material. This device is available in
8, 10, and 12 mm widths and comes preloaded onto a disposable insertion tool that has
already been sterilized [51]. Clinical outcomes of the Barricaid® device show promising
results [52], demonstrating that this technique could address some IVD height issues. It
prevents same level IVD herniation recurrence and decreases scores in the visual analogue
scale (VAS) and Oswestry disability index (ODI) [53]. However, the complex loading modes
the Barricaid® has to withstand have caused the implant to occasionally loosen [54,55], and
in one reported case it came into contact with the spinal nerves causing significant pain in
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the patient [56]. An additional challenge with this type of nondegradable implant is that
long-term consequences (<5 years) of implantation are still unknown [57]. Nonetheless, the
Barricaid® implant is thus far the only commercial device to have some clinical evidence of
success at addressing the challenging problem of annular closure.

ANULEX TECHNOLOGIES INC.

Xclose

Inclose

ANCHOR ORTHOPEDICS XT INC.

AnchorKnot®

INTRINSIC THERAPEUTICS

Barricaid®

Figure 2. Commercial mechanical annular closure devices. (Top) Inclose Surgical Mesh System and
the Xclose Tissue Repair System (Anulex Technologies, Inc. Minnetonka, MN, USA) [27]. (Middle)
The AnchorKnot® suture-passing device (Anchor Orthopedics XT Inc., Mississauga, ON, USA [31].
(Bottom) The Barricaid® Annular Closure Device (Intrinsic Therapeutics, Woburn, MA, USA) [58].

2. Design Requirements for an Annular Closure Device
2.1. Previous Efforts at Developing an Annular Repair/Regeneration Strategy

Researchers have mostly studied the use of biodegradable or bioresorbable implants
to close annular defects while aiding with tissue regeneration over a finite period. How-
ever, the extremely low cellularity of adult cartilage constitutes a serious problem when
injured [26,59]. In several animal models with surgically injured IVDs, healing has been
demonstrated to occur in the outer annulus but not towards the inner part of the IVD [37,60].
This is believed to be due to the outer annulus having four times the cell density of the
nucleus in adult human IVDs [61] implying that the tissue may have some ability to heal,
though this has not been conclusively proven [60].
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Evidence suggests that annular healing proceeds in an outside to inside direction [37].
As discussed above, if any annular healing occurs at all it is hypothesized to happen slowly
with tissue that has a reduced capacity to accommodate everyday biomechanical forces [24].
Should a repair/regeneration approach be selected, then degradation time of the implant
should coincide with the healing process to ensure proper remodeling of the tissue [59].
These parameters are still unknown for both human and animal IVD tissue. Additionally,
the mechanical properties of the implant should be adequate to promote regeneration
during the patient’s everyday activities, and any change in mechanical properties due to
degradation should preserve compatibility with the healing or regeneration process [59]. It
is estimated that the spine undergoes approximately 100 million flexion cycles during a
lifetime [62]. In the case of spinal implants, 10 million (1 x 107) cycles is considered to be
the minimal life length, but 30 million cycles is considered optimal [63]. Any biodegrad-
able/bioresorbable strategy should be able to ensure that regenerated tissue would be able
to withstand the same number of cycles.

Current biodegradable /bioresorbable strategies to repair the adult human IVD are
highly likely to fail before sufficient tissue regeneration occurs. From a biomechanical point
of view IVD regeneration may only occur in if the following conditions are met: restoration
of normal physiological range of motion, normal lordosis, spinal balance achieved, IVD
height restored, normal intradiscal pressure, and normal IVD load distribution [63]. None
of these are achieved by current implants, biological repair strategies, or tissue engineered
approaches [64] suggesting that a permanent (non-resorbable) mechanical closure device
may be the most suitable option for this application.

2.2. Aims and Scope

There have been many excellent reviews describing the necessary biological parame-
ters for annular repair/regeneration [27,65-68]; suitable biomaterials [69]; tissue engineered
scaffolds [64]; and the challenges and strategies [57,70] for implementation. Long et al.
made an important breakthrough by identifying, quantifying, and proposing a testing
paradigm for hydrogel-based strategies for AF repair [71] as shown in Table 1. However, in
this paper we focus on mechanical annular closure devices as they are closer to clinical im-
plementation. To do this, we (i) identify the key design requirements; (ii) highlight material
considerations; (iii) discuss preclinical testing requirements; and (iv) review challenges for
clinical implementation.

Table 1. Suggested design criteria for a hydrogel-based strategy and recommended values from Long
etal. [71].

Design Criteria for Hydrogel-Based Repair Strategies

Recommended Design Parameters

Parameter Recommended Value
Device adhesion testing IVD pressure, after implantation 1.5 MPa
Similar biomaterial properties to native tissue IVD pressure, maximal 2.3 MFPa
Tensile modulus, axial 0.5-1 MPa
Biocompatibility and cytotoxicity Compressive/tensile strain 28%/65%
Biomaterial degradation rate Axial stiffness of restored IVD 1.5-2 kN/mm
Biomechanics evaluation Torsional stiffness of restored IVD 3.2Nm/deg
Reherniation risk Tensile modulus, circumferential 11-29 MPa
Aggregate modulus 0.4-6 MPa
Shear modulus 0.1-0.28 MPa

2.3. Key Requirements for an Annular Repair Strategy
2.3.1. Mechanical Requirements

The AF is composed of concentric lamellae of collagen fibers embedded into a pro-
teoglycan matrix or ground substance. In the human AF, there are approximately 15-20
lamellae, each with around 40 collagen bundles [72] alternating from 45° to 25° with an
average value of 28° [73]. The highly organized lamellar structure allows it to distribute
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and absorb large spinal load that occurs in complex combinations of tension, compression,
torsion, shear, and bending. Intradiscal pressure tensions the annular fibers and supports
the endplates. It is the main contributing factor to adequate IVD height and tissue stiffness
during axial compression [74]. Any reduction in the pressure reduces IVD volume through
IVD height reduction; this changes the stress distribution in the IVD causing increases in
stress concentrations within the IVD and leads to increased shear forces in the nucleus [74].
Therefore, AF repair devices must withstand intradiscal pressure when prone, when supine
immediately after surgery, and sitting and standing pressures shortly after surgery [71].
Additionally, for an individual to continue their activities of daily living (e.g., walking,
standing, climbing stairs), the range of motion must be restored in all six degrees of free-
dom (flexion—-extension, lateral bending, and axial rotation) within an acceptable range.
Reference values for range of motion, intradiscal pressure, and IVD height for healthy
spines are shown in Table 2.

Table 2. Reference values for ROM, IDP, and IVD height in normal asymptomatic patients, data taken
from [71,75].

Range of Motion

Mean angle

(degrees)
Flexion 6°-13°
Extension 1°-5°
Lateral bending 2.9°-11°
Axial rotation 2°0-3°

Intradiscal Pressure
Mean (MPa) Maximum (MPa)

Prone 0.22 0.41
Sitting 0.75 1.50
Standing 0.59 1.07
IVD Height (mm)
Anterior Posterior
Male Female Male Female
L1-L2 748 £ 1.5 592 +1.2 491 +1.2 434 +0.9
L2-L.3 854+15 715+ 15 5.65 + 1.4 51141
L3-L4 9.58 + 1.7 8.08+14 6.02 +1.4 5,57 +1.2
14-15 10.89 + 2.1 9.76 1.9 6.11 £ 1.3 597 +1.4
L5-51 11.8 £2.6 11.22 £25 524+ 14 52+14

2.3.2. Biological Requirements

In the IVD’s central regions, the nucleus and inner AF are supplied by capillaries
that arise in the vertebral bodies, penetrate the subchondral bone, and terminate at the
endplates [76,77]. In the outer region, cells require the blood supply in the outer AF of the
IVD to receive their nutrients and metabolites. Small molecules such as glucose and oxygen
then reach the cells by diffusion under gradients established by the balance between the rate
of transport through the tissue to the cells and the rate of cellular demand [76,77]. Therefore,
it is crucial that an annular repair strategy minimizes disruption of the blood supply in the
outer annulus and does not cause significant damage or lesions to the endplates that will
compromise nutrient supply [78]. Furthermore, preservation of the endplates is crucial,
particularly the caudal (bottom) endplate. Caudal endplates have lower bone mineral
density, are thinner than the cranial endplates, and have significantly more openings,
which could contribute to the small thickness of this endplate and its susceptibility to
fractures [79]. In the case of the Barricaid® device, increased prevalence of new endplate
lesions and loss of surrounding bone were observed with use of the implant compared to
the controls; endplate lesions close to the flexible polymer component were considerably
much larger [55]. This has been suggested to be a result of the PET mesh being in contact
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with the adjacent vertebral body as a result of IVD height loss [80]. These lesions appeared
to stabilize over time, and no vertebral fractures occurred within the five year period [55].
However, it may be sensible to recommend that surgeons place the titanium anchor in the
lower vertebrae to avoid causing substantial long-term damage to the caudal endplate.
Furthermore, implants that consider using a similar fixation strategy to the Barricaid®
device (using the upper or lower vertebrae to secure the implant in place) may need to
carefully consider the place of attachment and its biological consequences.

Additionally, the aging process and/or IVD degeneration reduces the diffusion of
nutrients and metabolites causing the accumulation of lactic acid in the center of the
IVD [81]. This in turns lowers pH from a healthy ~7.1 to values of 6.5-5.7 [81]. Low pH
has been reported to reduce cell viability and proteoglycan and collagen synthesis in the
IVD [81]. This would suggest that maintenance of a normal physiological pH would be
beneficial to prevent further IVD degeneration and herniation.

2.3.3. Material Requirements

Any biomaterial used must be biocompatible and non-cytotoxic. Additionally, any
material should ideally possess mechanical properties similar to those of the surrounding
annular tissue to encourage natural load distribution throughout the intervertebral and
adjacent spinal segments. If the material modulus is too high, it will not deform accordingly,
and the majority of the load would be concentrated on the implant; this increases the
probability of the implant fracturing and weakening the surrounding tissue [46]. On the
other hand, if the material modulus is too low, the implant would not be able to support
the load, putting more strain onto the adjacent tissue and establishing the possibility of
fragments (or the whole implant) being expelled into the spinal canal and damaging the
nerves [71,82].

2.4. Preclinical Testing

In vitro testing provides a controlled method for investigating biocompatibility and
preliminary mechanical tests of a scaffold or promising annular repair materials. Both
mechanical and biological in vitro testing have several challenges to overcome. IVD sizes
vary across species and according to location within the spine. Most commonly used in vivo
animal models range from small rodents to rats, rabbits, dogs, goats, sheep, primates [83],
and more recently kangaroos [58]. One of the main issues when using animal models is that
the majority of them are quadrupedal, and the few bipedal models available (primates and
kangaroos) present ethical dilemmas that prevent their use in most research institutions [83].
Biomechanics are also significantly different; hence, it is hypothesized that the loads exerted
on the lumbar IVDs of large animals by the surrounding structures (muscles and ligaments)
may be even greater than those in human IVDs resulting from the bipedal stance due to the
increased difficulty of stabilizing a horizontally aligned spine versus a vertically balanced
spine [83]. However, use of animal tissues can help in understanding how aspects of testing
techniques influence the results of experiments on human tissue [84].

Computational and finite element (FE) modeling have become powerful tools to
evaluate performance of current and novel medical devices. The initial and long-term
performance of a device could be predicted with anatomically accurate human models
which can influence device design and optimization reducing the need for in vivo animal
testing. However, one of the main challenges with current models is that failure mechanisms
of the IVDs are quite a complex task to model due to the tissue’s complex structure. Few
studies have focused on modeling annulus failure mechanics of human tissue. Early
models include that of Goel et al. to evaluate delamination in the lamellae based on
interlaminar shear stresses [85] and evaluation of damage in a hyperelastic anisotropic
model of the annulus by Eberlein et al. [86]. Quasim et al. studied damage initiation and
progression in the AF region under various cyclic loading conditions using a 3D poroelastic
model [87]. However, with this model only damage to the tissue will occur in the direction
of tensile principal stress. Furthermore, they did not consider the changes in the viscoelastic



Bioengineering 2022, 9, 47

8 of 20

characteristics of the annulus [87]. More recently, Shahraki et al. used the Tsai-Wu criterion
and the maximum normal stress to predict damage initiation and propagation of the AF
tissue under different loading conditions [88]. Nonetheless, this model does not account
for water content and porosity of the IVD. Furthermore, the annulus region was considered
as a homogeneous material in terms of fiber orientation and density, but fiber orientation in
the tissue changes from the inner to the outer part of AF. Additionally, viscoelasticity was
not considered, and strength of the material was considered under static loading only [88].

To the authors” knowledge there are no finite-element analyses of tissue engineered
scaffolds for AF or IVD repair to date; however, Moroni et al. fabricated 3D meniscal
scaffolds with porosity and architecture that mimic native tissue mechanical properties [89].
The anatomical 3D scaffolds were experimentally analyzed to tailor their mechanical
properties to match those of natural menisci and numerically investigated with FE analysis
to determine whether they were mechanically robust enough to be used for meniscus
reconstruction [89]. While menisci and IVDs are quite different, they are both anisotropic,
viscoelastic tissues, thus proving that it would be beneficial to use FE analysis to test and
optimize a scaffold’s design. It could also help in reducing time and costs if it is used to test
a preliminary design to determine optimal structural, mechanical, and physical properties
to direct specific cell function [90].

2.5. Considerations for Clinical Translation
2.5.1. Sterilization

For any medical device, proper sterilization is crucial [60]; thus, the annular repair
strategy must be sterilizable. Depending on the material used and type of repair strategy
used this may prove very challenging. For example, in the case of hydrogel-based strategies
sterilization must be performed carefully because these materials may be sensitive to
the sterilizing agents such as heat and radiation [91]. Water content in the hydrogel can
facilitate chemical bond breakdown which can result in changes of material properties,
degradation and/or decomposition of the material, discoloration, embrittlement, odor
generation, and promote further crosslinking or induce toxic effects [91].

2.5.2. Delivery and Attachment

As discussed in Section 1.2, current minimally invasive procedures, which are the best
surgical option to treat lumbar IVD herniation, limit the amount of soft tissue dissection
and minimize excessive scarring near the nerve root [86]. Thus, an AF repair device
implanted during a microdiscectomy should be minimally invasive and create minimal
soft tissue damage during the procedure. In this case, injectable scaffolds could allow easy
filling of irregularly shaped defects [65]. One of the greatest challenges in cartilage tissue
engineering is achieving fixation or functional integration into the native tissue [92]. The
optimal device must be safely attached to the tissue and must remain in place. Adhesive
patches based on bioinspired architectures such as the gecko-/beetle-inspired mushroom-
shaped architectures, endoparasite-like microneedles, octopus-inspired suction cups, and
slug-like adhesive [58] may be the answer to achieve adequate fixation to the native AF,
should this approach be adopted.

2.5.3. Postoperative Imaging

Magnetic resonance imaging (MRI) is a useful imaging technique capable of producing
high quality images of the human body and individual tissues. It allows non-invasive
assessment of IVD degeneration/herniation and provides excellent spatial resolution
and tissue characterization without exposing patients to the potential risks of ionizing
radiation and iodinated contrast agents [93]. When monitoring endplate lesions pre- and
postoperatively, MRI has proved equally useful [91]. The American Society for Testing and
Materials (ASTM) categorizes implants into [94]:
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e  “MRI Safe—an item that poses no known hazards resulting from exposure to any
MR environment. MR Safe items are composed of materials that are electrically
nonconductive, non-metallic, and nonmagnetic.

e MR Conditional—an item with demonstrated safety in the MR environment within
defined conditions.

e MR Unsafe—an item which poses unacceptable risks to the patient, medical staff, or
other persons within the MR environment.”

Safe imaging of the operated area during follow-up appointments is vital in case of a
patient experiencing adverse effect or symptom recurrence. Therefore, according to ASTM
standards an annular repair strategy must be MRI safe or MRI conditional. For example,
even though the Barricaid® device (Intrinsic Therapeutics, Woburn, MA, USA) has metallic
components, it can be safely tested with static magnetic fields of 1.5 and 3 Tesla (maximum
spatial gradient magnetic field of 3000 Gauss/cm or less) [51].

2.5.4. Same Level Symptomatic Reherniation

Symptomatic IVD reherniation is the most common cause of reoperation after primary
IVD surgery [95]. Although there are many theories as to what increases a patient’s
chance for reherniation, no one factor has been identified consistently in the literature [96].
Reherniation rates of surgically treated patients with IVD herniation vary greatly across
the literature, from 3% to 18% [97] or between 0.5% and 25% [98]. It is therefore difficult
to specify an acceptable range of percentage risk; however, recent clinical outcomes of
the Barricaid® device vs. controls show that the cumulative incidence of symptomatic
reherniation was 8.4% vs. 17.4% at 1 year, 10.7% vs. 23.4% at 2 years, and 14.8% vs. 29.5%
at 3 years [99]. A negligible or low reherniation risk would be optimal.

2.5.5. Device Loosening, Failure, and Safe Removal

Clear instructions must be given to the surgical team regarding implant delivery to
ensure correct placement and that patients are given the necessary long-term postoperative
care guidelines to ensure the AF repair device’s appropriate function. However, in case a
patient begins to present adverse effects or pain related to implantation of the device, it is
necessary to have a procedure for the safe removal of the device.

2.5.6. Pain Score Improvement

There are currently at least 28 scoring systems available for the evaluation of low
back pain [52]. In the lumbar spine, the visual analogue scale (VAS) and the Oswestry
disability index (ODI) are used most often. The VAS consists of a straight line with the
endpoints defining extreme limits such as “no pain at all” (score of 0) and “pain as bad as
it could be” (score of 10; 100 mm scale) [100]. In the OD], the total score ranges from 0%
to 100%, with 0% representing no disability and 100% representing maximum disability.
For example, a total score between 0% and 20% means minimal disability; between 20%
and 40%, moderate disability; between 40% and 60%, severe disability; between 60% and
80%, crippled; and between 80% and 100%, bedbound or symptom magnification [52]. For
VAS and ODI scores, a decrease of at least 20mm and 15 points, respectively, is considered
a success [55]. In the case of current commercial annular closure devices there was no
significant difference in follow-up ODI and VAS scores for both back and leg at 90 days and
2 years when an annular closure device was used compared to microdiscectomy only [52].

2.6. Current Testing Standards

At present, there are no published standards that specify the requirements for annular
closure devices/implants. However, there are related standards which cover mechanical
and biological requirements for total IVD prostheses, nucleus replacements, material
evaluation and characterization, and imaging requirements for medical devices. Table 3
shows excerpts from standards which are most relevant to the present application [101-114].
For example, BS ISO 18192 series define mechanical in vitro testing procedures to simulate
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and evaluate lumbar spinal IVD prostheses wear under adverse conditions [101-103]. These
also specify the minimum implant life to be at least 10 million (10 x 10°) cycles or 10 years.
BS EN ISO 10993 Parts 1-20 are comprehensive guidelines to evaluate medical devices
ranging from risk management process to animal testing [109]. For material characterization
ASTM F981-04(2016) provides a series of experimental protocols for biological assays of
tissue reaction to nonabsorbable biomaterials for surgical implants where the materials will
reside in bone or soft tissue for over 30 days [110]. This table is not exhaustive; there exist
many current BS ISO and ASTM standards describing the guides and standard practices
for the characterization and testing of medical devices, biomaterials, and tissue engineered
medical products (TEMPs). The authors recommend that researchers conduct a preliminary
search in the respective database before planning any tests.

Table 3. Relevant standards and recommendations for testing.

Category Standard Scope

e  Defines an in vitro test procedure to
BS ISO 18192-2:2010: Implants simulate and evaluate lumbar spinal
for surgery. Wear of total IVD prostheses wear under adverse
intervertebral spinal disc impingement (point at which two
prostheses. Nucleus opposing components collide or restrict
replacements [101] motion) conditions for nucleus

replacements.

BSISO 18192-3:2017: Implants ~ ® Defines an in vitro test procedure to
for surgery. Wear of total simulate and evaluate lumbar spinal

intervertebral spinal disc IVD prostheses wear under adverse
prostheses. impingement (point at which two
Impingement-wear testing oppgsing components collide or restrict
and corresponding motion) conditions.

environmental conditions for ~®  Minimum axial load of 300 N (or

test of lumbar prostheses equivalent to generate a

under adverse kinematic 7.5 Nm moment).
conditions [102] ° Cycle limit of 10 x 106 CYCIES.

Mechanical

e  Defines a procedure for the relative
angular movement between articulating
components and specifies a pattern of
the applied force, speed and duration of
testing, sample configuration, and test
environment for use for the wear

BS ISO 18192-1:2011+A1:2018: testing of total intervertebral spinal sic
Implants for surgery. Wear of prostheses.

total intervertebral spinal disc ¢ Fluid test medium of calf serum at a
prostheses. Loading and concentration of 20 g + 2 g protein/L.
displacement parameters for ¢ Minimum of 6 test specimens.

wear testing and e  For lumbar IVD prostheses, the testing
corresponding environmental machine must produce angular
conditions for test [103] displacements of (min-max): —3° to 6°

for flexion/extension and 2° to —2° for
axial rotation and lateral bending.

e  Load parameters of (min-max):
600-2000 N.

° Cycle limit of 10 x 106 cycles.
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Table 3. Cont.

Category

Standard

Scope

Mechanical
(continued)

ASTM F1717-18: Standard
Test Methods For Spinal
Implant Constructs In A
Vertebrectomy Model [104]

Covers the materials and methods for
the static and fatigue testing of spinal
implant assemblies in a vertebrectomy
model. Three static mechanical tests
and one dynamic test evaluate the
spinal implant assemblies. The three
static mechanical tests are compression
bending, tensile bending, and torsion.
The dynamic test is a compression
bending fatigue test.

ASTM F2789-10(2015):
Standard Guide for
Mechanical and Functional
Characterization of Nucleus
Devices [105]

Describes various forms of nucleus
replacement and nucleus
augmentation devices.

The tests for characterizing the
performance of nucleus devices can
include static and dynamic axial
compression, axial torsion, shear tests,
functional range of motion, subsidence,
mechanical behavior change due to
aging, swelling pressure, and
viscoelastic testing.

Nucleus devices shall be tested
statically to failure and tested cyclically
to estimate the maximum run out load
or moment at 10 x 10° cycles.

Specifies dimensions and materials to
create surrogate annuli.

ASTM F2346-18: Standard
Test Methods for Static and
Dynamic Characterization of
Spinal Artificial Discs [106]

Specifies the materials and methods for
the static and dynamic testing of
artificial IVDs.

Physiological compressive preloads of
500 N lumbar artificial IVDs are
required for the static torsion test.
Cycle limit of 10 x 10 cycles.

ASTM F2423-11(2016):
Standard Guide for
Functional, Kinematic, and
Wear Assessment of Total Disc
Prostheses [107]

Provides guidance for wear and/or
fatigue testing of total IVD prostheses
under functional and kinematic
conditions and describes test methods
for assessment of the wear or functional
characteristics, or both, of total IVD
prostheses.

Flexion/extension—axial load: 1200 N;
cyclic axial load (min-max): 900-1850
N; ROM: +7.5°; moment: =10 Nm.
Rotation—axial load: 1200 N; cyclic
axial load (min-max): 900-1850 N;
ROM: +3°; moment: +=10 Nm.

Lateral bending—axial load: 1200 N;
cyclic axial load (min-max): 900-1850
N; ROM: +6°; moment: =12 Nm.
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Table 3. Cont.

Category

Standard

Scope

Mechanical
(continued)

ASTM F3295-18: Standard
Guide for Impingement
Testing of Total Disc
Prostheses [108]

Provides guidance on the evaluation of
wear and fatigue characteristics of total
IVD prostheses under cyclic
impingement conditions.

Axial force: 1200 N; minimum
impingement: initial impingement
angle, less 2.0°; maximum
impingement: ultimate angle plus 2.0°;
axial rotation: +2°.

Biological

BS EN ISO 10993: Biological
evaluation of medical devices,
Parts 1-20 [109]

Comprehensive guidelines for testing of
medical devices comprising the
evaluation and testing within a risk
management process; animal welfare
requirements; test for genotoxicity,
carcinogenicity and reproductive
toxicity; tests for interaction with blood;
tests for in vitro cytotoxicity; tests for
local effects after implantation; ethylene
oxide sterilization residuals;
identification and quantification of
potential degradation products; tests for
irritation and skin sensitization; tests for
systemic toxicity; sample preparation
and reference materials; identification
and quantification of degradation
products from polymeric, ceramic, and
metals and alloys; toxicokinetic study
design for degradation products and
leachables; establishment of allowable
limits for leachable substance; chemical
characterization of materials;
physicochemical, morphological, and
topographical characterization of
materials; and the principles and
methods for immunotoxicology testing.

ASTM F981-04(2016):
Standard Practice for
Assessment of Compatibility
of Biomaterials for Surgical
Implants with Respect to
Effect of Materials on Muscle
and Insertion into Bone [110]

Provides a series of experimental
protocols for biological assays of tissue
reaction to nonabsorbable biomaterials
for surgical implants. It assesses the
effects of the material on animal tissue
in which it is implanted.

Applies only to materials with projected
applications in humans where the
materials will reside in bone or soft
tissue in excess of 30 days and will
remain unabsorbed.

Implant shall be made in a cylindrical
shape with hemispherical ends and
may range from 1 to 6 mm in diameter
and from 10 to 20 mm in length
depending upon the relative size of the
species under study.
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Table 3. Cont.

Category

Standard

Scope

Biological
(continued)

ASTM F1983-14: Standard
Practice for Assessment of
Selected Tissue Effects of
Absorbable Biomaterials for
Implant Applications [111]

Provides experimental protocols for
biological assays of tissue reactions to
absorbable biomaterials for implant
applications. This practice applies only
to absorbable materials with projected
clinical applications in which the
materials will reside in bone or soft
tissue longer than 30 days and less than
three years.

Materials

ASTM F3142-16: Standard
Guide for Evaluation of

in vitro Release of
Biomolecules from
Biomaterials Scaffolds for
Tissue-Engineered Medical
Products (TEMPs) [112]

Describes general principles of
developing and/or using an in vitro
assay to evaluate biomolecule release
from biomaterials scaffolds for TEMPs
that do not contain cells.

ASTM F2150-19: Standard
Guide for Characterization
and Testing of Biomaterial
Scaffolds Used in
Regenerative Medicine and
Tissue-Engineered Medical
Products [113]

Describes available test methods for the
characterization of the compositional
and structural aspects of biomaterial
scaffolds used in the development and
manufacture of regenerative medicine
and tissue-engineered medical products
(TEMPs).

Imaging

ASTM F2052-15: Standard
Test Method for Measurement
of Magnetically Induced
Displacement Force on
Medical Devices in the
Magnetic Resonance
Environment [94]

Describes the measurement of the
magnetically induced displacement
force produced by static magnetic field
gradients on medical devices and the
comparison of that force to the weight
of the medical device. It is intended for
devices that can be suspended from a
string.

ASTM F3224-17: Standard
Test Method for Evaluating
Growth of Engineered
Cartilage Tissue using
Magnetic Resonance
Imaging [114]

This standard has been prepared for
evaluation of engineered cartilage
tissue growth at the preclinical stage
and summarizes results from tissue
growth evaluation of tissue-engineered
cartilage in a few notable cases using
water spin—spin relaxation time, T2,

in vitro and in vivo in small animal
models.

Intended to be applicable to most
porous natural and synthetic polymers
used as a scaffold in engineered
cartilage, such as alginate, agarose,
collagen, chitosan, and
poly-lactic-co-glycolic acid (PLGA).

3. Conclusions and Recommendations

Following microdiscectomy, AF repair has the potential to improve medium- and
long-term outcomes. Several previous studies have highlighted the potential of annular
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repair in order to prevent future reherniation. However, available commercial options for
surgical repair of the AF are limited. The AnchorKnot® suture-passing device (Anchor
Orthopedics XT Inc., Mississauga, ON, USA) and the Barricaid® Annular Closure Device
(Intrinsic Therapeutics, Woburn, MA, USA) are the only CE-marked and FDA approved
devices currently in the market, with the latter having demonstrated clinical success for
a reported period of up to 5 years. Current research has focused greatly on the use
repair/regeneration therapies, but due to the limited healing properties of the IVD and
the clinical readiness of research solutions, these approaches are not likely to be clinically
implemented soon. Furthermore, most strategies do not follow a clear design process
and solely concentrate on exploring novel permutations and combinations of materials
without these being rigorously mechanically tested. It is evident that that for a mechanical
AF closure strategy to be successful, there is need for a concise design specification. This
review outlines some of the key requirements from the literature which could create a
design specification including mechanical, biological, material, preclinical, and clinical
considerations for a successful AF closure strategy in Appendix A. These key requirements
may help make informed decisions for future research and design concept evaluation for
an effective AF closure device.
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Appendix A. Design Specification for an Annular Repair Strategy
Mechanical (see Section 2.3.1 Mechanical Requirements)

o  AF repair devices must withstand intradiscal pressure when prone, when supine
immediately after surgery, and sitting and standing pressures shortly after surgery [71].
Adequate IVD height must be restored (see Table 2 for reference values).

e Range of motion must be restored in all six degrees of freedom (flexion-extension,
lateral bending, and axial rotation) within an acceptable range. In vivo flexion (6°—
13°), extension (1°-5°), lateral bending (2.9°-11°), and axial rotation (2°-3°) must be
maintained within acceptable ranges.

e  Withstands in vivo intradiscal pressure during daily life activities (see Table 2 for
reference values).

Biological (see Section 2.3.2 Biological Requirements)

e  Allows nutrient supply to rest of tissue to continue—minimizes disruption of the
blood supply in the outer annulus, and does not cause significant damage or lesions
to the endplates that will compromise nutrient supply [78].

Maintains pH range within 6.4 and 7.4.

Reduces inflammatory cytokine excretion.

Prevents tissue innervation.

Minimizes endplate lesions—preservation of the endplates is crucial, particularly the
caudal (bottom) endplate.

Environment

e  Temperature range of 37 &= 2 °C (physiological temperature)
Life in service (see 2.6 Current testing standards).
e 10years (1 x 107 loading cycles).
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Current Devices for Benchmarking

Barricaid® (Intrinsic Therapeutics, Woburn, MA, USA).

AnchorKnot® Tissue Approximation Kit (Anchor Orthopedics XT Inc., Mississauga,
ON, USA)

Size
Fills an annular defect size after discectomy likely to be within 8-10 x 6 mm (width x
height) (based on Barricaid® size range).

Materials (see Section 2.3.3 Material Requirements)

Biocompatible.

Non-cytotoxic.

Must have similar mechanical properties to native AF.
Must be resistant to degradation.

Relevant standards and specifications (see Section 2.6 Current Testing Standards and
Table 3)

BS EN ISO 10993 Biological evaluation of medical devices, Parts 1-20.

ASTM F981-04(2016) Standard Practice for Assessment of Compatibility of Biomateri-
als for Surgical Implants with Respect to Effect of Materials on Muscle and Insertion
into Bone.

ASTM F1983-14 Standard Practice for Assessment of Selected Tissue Effects of Ab-
sorbable Biomaterials for Implant Applications.

BS ISO 18192-2:2010 Implants for surgery. Wear of total intervertebral spinal disc
prostheses. Nucleus replacements.

BS ISO 18192-3:2017 Implants for surgery. Wear of total intervertebral spinal disc
prostheses. Impingement-wear testing and corresponding environmental conditions
for test of lumbar prostheses under adverse kinematic conditions.

BS ISO 18192-1:2011+A1:2018 Implants for surgery. Wear of total intervertebral spinal
disc prostheses. Loading and displacement parameters for wear testing and corre-
sponding environmental conditions for test.

ASTM F1717-18 Standard Test Methods for Spinal Implant Constructs in a Vertebrec-
tomy Model.

ASTM F2789-10(2015) Standard Guide for Mechanical and Functional Characterization
of Nucleus Devices.

ASTM F2346-18 Standard Test Methods for Static and Dynamic Characterization of
Spinal Artificial Discs.

ASTM F2423-11(2016) Standard Guide for Functional, Kinematic, and Wear Assess-
ment of Total Disc Prostheses.

ASTM F3295-18 Standard Guide for Impingement Testing of Total Disc Prostheses.
ASTM F732-17 Standard Test Method for Wear Testing of Polymeric Materials Used in
Total Joint Prostheses.

ASTM F2900-11 Standard Guide for Characterization of Hydrogels used in Regenera-
tive Medicine.

ASTM F3142-16 Standard Guide for Evaluation of in vitro Release of Biomolecules
from Biomaterials Scaffolds for TEMPs.

ASTM F2150-19 Standard Guide for Characterization and Testing of Biomaterial Scaf-
folds Used in Regenerative Medicine and Tissue-Engineered Medical Products.
ASTM F2052-15 Standard Test Method for Measurement of Magnetically Induced
Displacement Force on Medical Devices in the Magnetic Resonance Environment.
ASTM F3224-17 Standard Test Method for Evaluating Growth of Engineered Cartilage
Tissue using Magnetic Resonance Imaging.

Clinical implementation (see Section 2.5 Considerations for Clinical Translation)

The device must be safely delivered or implanted during a microdiscectomy or mini-
mally invasive procedure.
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The device must be safely attached to the tissue and must remain in place.

The device shall not fail if patient requirements are met, the device is properly im-
planted, and the patient follows postoperative care.

The device should allow for safe removal at any time.

The device must maintain adequate mechanical properties after sterilization.

The device is MRI safe or MRI conditional.

A VAS pain score decrease of at least 20mm in a 100mm scale and/or ODI score
decrease of at least 15 points is considered a success.

References

1.

Ll

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

GBD 2016 DALYs and HALE Collaborators. Global, regional, and national disability-adjusted life-years (DALYs) for 333 diseases
and injuries and healthy life expectancy (HALE) for 195 countries and territories, 1990-2016: A systematic analysis for the Global
Burden of Disease Study 2016. Lancet 2017, 390, 1260-1344. [CrossRef]

Urban, J. Disc biochemistry in relation to function. In The Lumbar Spine; Wiesel, S.W., Weinstein, ].N., Herkowitz, H.N., Dvorak, J.,
Bell, G., Eds.; Saunders: Philadelphia, PA, USA, 1996; pp. 271-280.

Humzah, M.D.; Soames, R.W. Human intervertebral disc: Structure and function. Anat. Rec. 1988, 220, 337-356. [CrossRef]
Cassidy, ].J.; Hiltner, A.; Baer, E. Hierarchical structure of the intervertebral disc. Connect. Tissue Res. 1989, 23, 75-88. [CrossRef]
Marchand, F.; Ahmed, A.M. Investigation of the laminate structure of lumbar disc anulus fibrosus. Spine 1990, 15, 402—410.
[CrossRef]

Smith, L.J.; Nerurkar, N.L.; Choi, K.S.; Harfe, B.D.; Elliott, D.M. Degeneration and regeneration of the intervertebral disc: Lessons
from development. Dis. Models Mech. 2011, 4, 31-41. [CrossRef] [PubMed]

Pfirrmann, C.W.; Metzdorf, A.; Zanetti, M.; Hodler, J.; Boos, N. Magnetic Resonance Classification of Lumbar Intervertebral Disc
Degeneration. Spine 2001, 26, 1873-1878. [CrossRef]

Griffith, J.F; Wang, Y.-X.; Antonio, G.E.; Choi, K.C.; Yu, A.; Ahuja, A.T,; Leung, P.C. Modified Pfirrmann Grading System for
Lumbar Intervertebral Disc Degeneration. Spine 2007, 32, E708-E712. [CrossRef]

Amin, RM.; Andrade, N.S.; Neuman, B.J. Lumbar Disc Herniation. Curr. Rev. Musculoskelet. Med. 2017, 10, 507-516. [CrossRef]
Suthar, P; Patel, R.; Mehta, C.; Patel, N. MRI evaluation of lumbar disc degenerative disease. J. Clin. Diagn. Res. 2015, 9, TC04-9.
[CrossRef]

Fardon, D.E; Williams, A.L.; Dohring, E.J.; Murtagh, ER.; Rothman, S.L.G.; Sze, G.K. Lumbar disc nomenclature: Version 2.0:
Recommendations of the combined task forces of the North American Spine Society, the American Society of Spine Radiology
and the American Society of Neuroradiology. Spine J. 2014, 14, 2525-2545. [CrossRef]

Jordan, J.; Konstantinou, K.; O’dowd, J. Herniated lumbar disc. BMJ Clin. Evid. 2009, 2009, 1118. [PubMed]

Omidi-Kashani, F.; Hejrati, H.; Ariamanesh, S. Ten important tips in treating a patient with lumbar disc herniation. Asian Spine J.
2016, 10, 955-963. [CrossRef] [PubMed]

National Guideline Centre (UK). Low Back Pain and Sciatica in Over 16s: Assessment and Management. National Institute for
Health and Care Excellence (NICE), November 2016. Available online: https://www.nice.org.uk/guidance/ng59 (accessed on 22
November 2021).

Lee, C.K.; Goel, VK. Artificial disc prosthesis: Design concepts and criteria. Spine J. 2004, 4, S209-5218. [CrossRef] [PubMed]
Kang, D.G.; Helgeson, M.D.; Vaccaro, A.R. Spinal Motion Restoration Devices for the Degenerative Disc. In The Intervertebral Disc;
Springer: Vienna, Austria, 2014; pp. 225-246.

Satoh, I.; Yonenobu, K.; Hosono, N.; Ohwada, T.; Fuji, T.; Yoshikawa, H. Indication of posterior lumbar interbody fusion for
lumbar disc herniation. J. Spinal Disord. Technol. 2006, 19, 104-108. [CrossRef] [PubMed]

Randolph, G.B.; Scioscia, T.N.; Wang, ].C. Lumbar Total Disc Arthroplasty: State of the Data. Semin. Spine Surg. 2006, 18, 61-71.
[CrossRef]

Cakir, B.; Richter, M.; Kéfer, W.; Puhl, W.; Schmidt, R. The impact of total lumbar disc replacement on segmental and total lumbar
lordosis. Clin. Biomech. 2005, 20, 357-364. [CrossRef]

Blamoutier, A. Surgical discectomy for lumbar disc herniation: Surgical techniques. Orthop. Traumatol. Surg. Res. 2013, 99,
5187-5196. [CrossRef]

Katayama, Y.; Matsuyama, Y.; Yoshihara, H.; Sakai, Y.; Nakamura, H.; Nakashima, S.; Ito, Z.; Ishiguro, N. Comparison of surgical
outcomes between macro discectomy and micro discectomy for lumbar disc herniation: A prospective randomized study with
surgery performed by the same spine surgeon. J. Spinal Disord. Technol. 2006, 19, 344-347. [CrossRef]

Goel, VK,; Goyal, S.; Clark, C.; Nishiyama, K.; Nye, T. Kinematics of the whole lumbar spine. Effect of discectomy. Spine 1985, 10,
543-554. [CrossRef]

Strenge, K.B.; DiPaola, C.P.; Miller, L.E.; Hill, C.P.; Whitmore, R.G. Multicenter study of lumbar discectomy with Barricaid annular
closure device for prevention of lumbar disc reherniation in US patients. Medicine 2019, 98, €16953. [CrossRef]

Miller, L.E.; McGirt, M.].; Garfin, S.R.; Bono, C.M. Association of Annular Defect Width After Lumbar Discectomy With Risk of
Symptom Recurrence and Reoperation: Systematic Review and Meta-analysis of Comparative Studies. Spine 2018, 43, E308-E315.
[CrossRef] [PubMed]


http://doi.org/10.1016/S0140-6736(17)32130-X
http://doi.org/10.1002/ar.1092200402
http://doi.org/10.3109/03008208909103905
http://doi.org/10.1097/00007632-199005000-00011
http://doi.org/10.1242/dmm.006403
http://www.ncbi.nlm.nih.gov/pubmed/21123625
http://doi.org/10.1097/00007632-200109010-00011
http://doi.org/10.1097/BRS.0b013e31815a59a0
http://doi.org/10.1007/s12178-017-9441-4
http://doi.org/10.7860/JCDR/2015/11927.5761
http://doi.org/10.1016/j.spinee.2014.04.022
http://www.ncbi.nlm.nih.gov/pubmed/19445754
http://doi.org/10.4184/asj.2016.10.5.955
http://www.ncbi.nlm.nih.gov/pubmed/27790328
https://www.nice.org.uk/guidance/ng59
http://doi.org/10.1016/j.spinee.2004.07.011
http://www.ncbi.nlm.nih.gov/pubmed/15541669
http://doi.org/10.1097/01.bsd.0000180991.98751.95
http://www.ncbi.nlm.nih.gov/pubmed/16760783
http://doi.org/10.1053/j.semss.2006.03.007
http://doi.org/10.1016/j.clinbiomech.2004.11.019
http://doi.org/10.1016/j.otsr.2012.11.005
http://doi.org/10.1097/01.bsd.0000211201.93125.1c
http://doi.org/10.1097/00007632-198507000-00008
http://doi.org/10.1097/MD.0000000000016953
http://doi.org/10.1097/BRS.0000000000002501
http://www.ncbi.nlm.nih.gov/pubmed/29176471

Bioengineering 2022, 9, 47 17 of 20

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Heuer, E; Ulrich, S.; Claes, L.; Wilke, H.-]. Biomechanical evaluation of conventional anulus fibrosus closure methods required for
nucleus replacement. Laboratory investigation. J. Neurosurg. Spine 2008, 9, 307-313. [CrossRef] [PubMed]

Adams, M.A; Stefanakis, M.; Dolan, P. Healing of a painful intervertebral disc should not be confused with reversing disc
degeneration: Implications for physical therapies for discogenic back pain. Clin. Biomech. 2010, 25, 961-971. [CrossRef] [PubMed]
Marcolongo, M.; Sarkar, S.; Ganesh, N. Trends in materials for spine surgery. In Comprehensive Biomaterials; Paul, D., Ed.; Elsevier:
Oxford, UK, 2011.

Koepsell, L.; Zhang, L.; Neufeld, D.; Fong, H.; Deng, Y. Electrospun Nanofibrous Polycaprolactone Scaffolds for Tissue Engineering
of Annulus Fibrosus. Macromol. Biosci. 2011, 11, 391-399. [CrossRef] [PubMed]

Tavakoli, J.; Diwan, A.D,; Tipper, J.L. Advanced Strategies for the Regeneration of Lumbar Disc Annulus Fibrosus. Int. J. Mol. Sci.
2020, 21, 4889. [CrossRef]

Bailey, A.; Messer, ].; Griffith, S.L.; Anular Repair Clinical Study Group. Prospective, randomized controlled study of repairing
the anulus fibrosus after lumbar discectomy: A single surgeon’s experience. Spine J. 2010, 10, 127S. [CrossRef]

Bateman, A.H.; Balkovec, C.; Akens, M.K.; Chan, A.H.W.; Harrison, R.D.; Oakden, W.; Yee, A.].M.; McGill, S.M. Closure of the
annulus fibrosus of the intervertebral disc using a novel suture application device-in vivo porcine and ex vivo biomechanical
evaluation. Spine J. 2016, 16, 889-895. [CrossRef]

Qi, L.; Li, M.; Si, H.; Wang, L.; Jiang, Y.; Zhang, S.; Li, L. The clinical application of ‘jetting suture’ technique in annular repair
under microendoscopic discectomy: A prospective single-cohort observational study. Medicine 2016, 95, e4503. [CrossRef]
[PubMed]

Bartlett, A.; Wales, L.; Houfburg, R.; Durfee, W.K.; Griffith, S.L.; Bentley, I. Optimizing the effectiveness of a mechanical suture-
based anulus fibrosus repair construct in an acute failure laboratory simulation. . Spinal Disord. Technol. 2013, 26, 393-399.
[CrossRef]

Chiang, Y.-F; Chiang, C.-J.; Yang, C.-H.; Zhong, Z.-C.; Chen, C.-S.; Cheng, C.-K.; Tsuang, Y.-H. Retaining intradiscal pressure
after annulotomy by different annular suture techniques, and their biomechanical evaluations. Clin. Biomech. 2012, 27, 241-248.
[CrossRef]

Chiang, C.-J.; Cheng, C.-K.; Sun, ].-S.; Liao, C.-].; Wang, Y.-H.; Tsuang, Y.-H. The effect of a new anular repair after discectomy in
intervertebral disc degeneration: An experimental study using a porcine spine model. Spine 2011, 36, 761-769. [CrossRef]
Anulex Technologies, Inc. Xclose Tissue Repair System, Model XC-200-01, Premarket filed with FDA. 2009. Available online:
https:/ /fda.report/PMN/K091432 (accessed on 20 November 2021).

Ahlgren, B.D.; Lui, W.; Herkowitz, H.N.; Panjabi, M.M.; Guiboux, ].P. Effect of anular repair on the healing strength of the
intervertebral disc: A sheep model. Spine 2000, 25, 2165-2170. [CrossRef]

Anulex Technologies, Inc. 501(K) Summary of Safety and Effectiveness: Inclose Surgical Mesh System. 2005. Available online:
https:/ /www.accessdata.fda.gov/cdrh_docs/pdf5/k050969.pdf (accessed on 22 November 2021).

Grunert, P; Borde, B.H.; Hudson, K.D.; Macielak, M.R.; Bonassar, L.J.; Hartl, R. Annular repair using high density collagen gel:
In vivo outcome in a rodent spine model. Spine J. 2013, 13, 51S. [CrossRef]

Likhitpanichkul, M.; Dreischarf, M.; Illien-Junger, S.; Walter, B.; Nukaga, T.; Long, R.; Sakai, D.; Hecht, A.; Iatridis, ]. Fibrin-genipin
adhesive hydrogel for annulus fibrosus repair: Performance evaluation with large animal organ culture, in situ biomechanics,
and in vivo degradation tests. Eur. Cell. Mater. 2014, 28, 25-28. [CrossRef]

Guterl, C.C.; Torre, O.M.; Purmessur, D.; Dave, K.; Likhitpanichkul, M.; Hecht, A.C.; Nicoll, S.B.; Iatridis, J.C. Characterization of
Mechanics and Cytocompatibility of Fibrin-Genipin Annulus Fibrosus Sealant with the Addition of Cell Adhesion Molecules.
Tissue Eng. Part A 2014, 20, 2536-2545. [CrossRef] [PubMed]

Vergroesen, P.-P.A.; Bochyn Ska, A.L; Emanuel, K.S.; Sharifi, S.; Kingma, I; Grijpma, D.W.; Smit, T.H. A biodegradable glue for
annulus closure: Evaluation of strength and endurance. Spine 2015, 40, 622-628. [CrossRef]

Grunert, P; Borde, B.H.; Towne, S.B.; Moriguchi, Y.; Hudson, K.D.; Bonassar, L.J.; Hértl, R. Riboflavin crosslinked high-density
collagen gel for the repair of annular defects in intervertebral discs: An in vivo study. Acta Biomater. 2015, 26, 215-224. [CrossRef]
Likhitpanichkul, M.; Kim, Y.; Torre, O.M.; See, E.; Kazezian, Z.; Pandit, A.; Hecht, A.C; Iatridis, J.C. Fibrin-genipin annulus
fibrosus sealant as a delivery system for anti-TNFo drug. Spine J. 2015, 15, 2045-2054. [CrossRef]

Kang, R.; Li, H,; Lysdahl, H.; Svend Le, D.Q.; Chen, M.; Xie, L. Cody Biinger Cyanoacrylate medical glue application in
intervertebral disc annulus defect repair: Mechanical and biocompatible evaluation. J. Biomed. Mater. Res. Part B Appl. Biomater.
2017, 105, 14-20. [CrossRef] [PubMed]

Cruz, M.A; McAnany, S.; Gupta, N.; Long, R.G.; Nasser, P,; Eglin, D.; Hecht, A.C.; Illien-Junger, S.; Iatridis, J.C. Structural and
Chemical Modification to Improve Adhesive and Material Properties of Fibrin-Genipin for Repair of Annulus Fibrosus Defects in
Intervertebral Disks. J. Biomech. Eng. 2017, 139, 0845011-0845017. [CrossRef]

Chik, T.; Ma, X.; Choy, T,; Li, Y.; Diao, H.; Teng, W.; Han, S.; Cheung, K.; Chan, B. Photochemically crosslinked collagen annulus
plug: A potential solution solving the leakage problem of cell-based therapies for disc degeneration. Acta Biomater. 2013, 9,
8128-8139. [CrossRef]

Bron, J.L.; van der Veen, A J.; Helder, M.N.; van Royen, B.J.; Smit, T.H. Biomechanical and in vivo evaluation of experimental
closure devices of the annulus fibrosus designed for a goat nucleus replacement model. Eur. Spine J. 2010, 19, 1347-1355.
[CrossRef] [PubMed]


http://doi.org/10.3171/SPI/2008/9/9/307
http://www.ncbi.nlm.nih.gov/pubmed/18928230
http://doi.org/10.1016/j.clinbiomech.2010.07.016
http://www.ncbi.nlm.nih.gov/pubmed/20739107
http://doi.org/10.1002/mabi.201000352
http://www.ncbi.nlm.nih.gov/pubmed/21080441
http://doi.org/10.3390/ijms21144889
http://doi.org/10.1016/j.spinee.2010.07.331
http://doi.org/10.1016/j.spinee.2016.03.005
http://doi.org/10.1097/MD.0000000000004503
http://www.ncbi.nlm.nih.gov/pubmed/27495101
http://doi.org/10.1097/BSD.0b013e31824c8224
http://doi.org/10.1016/j.clinbiomech.2011.09.008
http://doi.org/10.1097/BRS.0b013e3181e08f01
https://fda.report/PMN/K091432
http://doi.org/10.1097/00007632-200009010-00004
https://www.accessdata.fda.gov/cdrh_docs/pdf5/k050969.pdf
http://doi.org/10.1016/j.spinee.2013.07.152
http://doi.org/10.22203/eCM.v028a03
http://doi.org/10.1089/ten.tea.2012.0714
http://www.ncbi.nlm.nih.gov/pubmed/24684314
http://doi.org/10.1097/BRS.0000000000000792
http://doi.org/10.1016/j.actbio.2015.06.006
http://doi.org/10.1016/j.spinee.2015.04.026
http://doi.org/10.1002/jbm.b.33524
http://www.ncbi.nlm.nih.gov/pubmed/26372292
http://doi.org/10.1115/1.4036623
http://doi.org/10.1016/j.actbio.2013.05.034
http://doi.org/10.1007/s00586-010-1384-z
http://www.ncbi.nlm.nih.gov/pubmed/20401620

Bioengineering 2022, 9, 47 18 of 20

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.
64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Ledet, E.H.; Jeshuran, W.; Glennon, J.C.; Shaffrey, C.; De Deyne, P; Belden, C.; Kallakury, B.; Carl, A.L. Small intestinal submucosa
for anular defect closure: Long-term response in an in vivo sheep model. Spine 2009, 34, 1457-1463. [CrossRef] [PubMed]
Bailey, A.; Araghi, A.; Blumenthal, S.; Huffmon, G.V.; Anular Repair Clinical Study Group. Prospective, multicenter, randomized,
controlled study of anular repair in lumbar discectomy: Two-year follow-up. Spine 2013, 38, 1161-1169. [CrossRef]

Martens, E.; Lesage, G.; Muir, ].M.; Stieber, ].R. Implantation of a bone-anchored annular closure device in conjunction with
tubular minimally invasive discectomy for lumbar disc herniation: A retrospective study. BMC Musculoskelet. Disord. 2018, 19,
269. [CrossRef]

Choy, W.J.; Phan, K.; Diwan, A.D.; Ong, C.S.; Mobbs, R.J. Annular closure device for disc herniation: Meta-analysis of clinical
outcome and complications. BMC Musculoskelet. Disord. 2018, 19, 290. [CrossRef]

Ardeshiri, A.; Miller, L.E.; Synowitz, M.; Jadik, S. Surgical Experience and Complications in 50 Patients Treated with an Anular
Closure Device Following Lumbar Discectomy. Orthop. Surg. 2019, 11, 431-437. [CrossRef]

Krutko, A.V.; Baykov, E.S.; Sadovoy, M.A. Reoperation after microdiscectomy of lumbar herniation: Case report. Int. ]. Surg. Case
Rep. 2016, 24, 119-123. [CrossRef]

Intrinsic Therapeutics. Instructions for Use Barricaid®Anular Closure Device (ACD). Available online: https://www.accessdata.
fda.gov/cdrh_docs/pdf16/P160050D.pdf (accessed on 20 November 2021).

Lange, N.; Meyer, B.; Shiban, E. Symptomatic annulus-repair-device loosening due to a low-grade infection. Acta Neurochir. 2018,
160, 199-203. [CrossRef]

Guterl, C.; See, E.; Blanquer, S.; Pandit, A.; Ferguson, S.; Benneker, L.; Grijpma, D.; Sakai, D.; Eglin, D.; Alini, M.; et al. Challenges
and strategies in the repair of ruptured annulus fibrosus. Eur. Cell. Mater. 2012, 25, 1-21. [CrossRef] [PubMed]

Chamoli, U.; Umali, J.; Kleuskens, M.W.A_; Chepurin, D.; Diwan, A.D. Morphological characteristics of the kangaroo lumbar
intervertebral discs and comparison with other animal models used in spine research. Eur. Spine J. 2019, 29, 652—-662. [CrossRef]
Adams, M.A; Lama, P.; Zehra, U.; Dolan, P. Why do some intervertebral discs degenerate, when others (in the same spine) do
not? Clin. Anat. 2015, 28, 195-204. [CrossRef]

Bron, J.L.; Helder, M.N.; Meisel, H.-].; van Royen, B.]J.; Smit, T.H. Repair, regenerative and supportive therapies of the annulus
fibrosus: Achievements and challenges. Eur. SPINE ]. 2009, 18, 301-313. [CrossRef]

Hastreiter, D.; Ozuna, R.M.; Spector, M. Regional variations in certain cellular characteristics in human lumbar intervertebral
discs, including the presence of x-smooth muscle actin. J. Orthop. Res. 2001, 19, 597-604. [CrossRef]

Salzmann, S.N.; Plais, N.; Shue, J.; Girardi, FP. Lumbar disc replacement surgery-successes and obstacles to widespread adoption.
Curr. Rev. Musculoskelet. Med. 2017, 10, 153-159. [CrossRef]

Schnake, K.J.; Putzier, M.; Haas, N.P,; Kandziora, F. Mechanical concepts for disc regeneration. Eur. Spine J. 2006, 15, 3. [CrossRef]
Tavakoli, J. Tissue Engineering of the Intervertebral Disc’s Annulus Fibrosus: A Scaffold-Based Review Study. Tissue Eng. Regen.
Med. 2017, 14, 81-91. [CrossRef] [PubMed]

Melrose, J.; Smith, S.M.; Little, C.B.; Moore, R.].; Vernon-Roberts, B.; Fraser, R.D. Recent advances in annular pathobiology provide
insights into rim-lesion mediated intervertebral disc degeneration and potential new approaches to annular repair strategies. Eur.
Spine J. 2008, 17, 1131-1148. [CrossRef]

Zhang, Y.; Chee, A.; Thonar, E.].-M.A.; An, H.S. Intervertebral Disk Repair by Protein, Gene, or Cell Injection: A Framework for
Rehabilitation-Focused Biologics in the Spine. PM&R 2011, 3, S88-594.

Moriguchi, Y.; Alimi, M.; Khair, T.; Manolarakis, G.; Berlin, C.; Bonassar, L.J.; Hartl, R. Biological Treatment Approaches for
Degenerative Disk Disease: A Literature Review of in Vivo Animal and Clinical Data. Glob. Spine |. 2016, 6, 497-518. [CrossRef]
[PubMed]

Benneker, L.M.; Anderson, G.; latridis, J.S.; Sakai, D.; Hartl, R.; Ito, K.; Grad, S. Cell therapy for intervertebral disc repair:
Advancing cell therapy from bench to clinics. Eur. Cells Mater. 2014, 27, 5-11. [CrossRef] [PubMed]

Bowles, R.D.; Setton, L.A. Biomaterials for intervertebral disc regeneration and repair. Biomaterials 2017, 129, 54-67. [CrossRef]
[PubMed]

Buckley, C.T.; Hoyland, J.A.; Fujii, K.; Pandit, A.; Iatridis, J.C.; Grad, S. Critical aspects and challenges for intervertebral disc
repair and regeneration-Harnessing advances in tissue engineering. JOR Spine 2018, 1, €1029. [CrossRef] [PubMed]

Long, R.G.; Torre, O.M.; Hom, W.W.; Assael, D.J.; Iatridis, ].C. Design Requirements for Annulus Fibrosus Repair: Review of
Forces, Displacements, and Material Properties of the Intervertebral Disk and a Summary of Candidate Hydrogels for Repair. J.
Biomech. Eng. 2016, 138, 021007. [CrossRef] [PubMed]

Goodman Campbell Brain and Spine. Spine Anatomy. Available online: https://www.goodmancampbell.com/spine-anatomy
(accessed on 30 May 2018).

Baldit, A. PMicromechanics of the Intervertebral Disk. In Multiscale Biomechanics Part 3; Ganghoffer, ].F.,, Ed.; Elsevier Ltd.:
Amsterdam, The Netherlands, 2018; Chapter 11; pp. 455-467. ISBN 978-78548-208-3. [CrossRef]

Vergroesen, P-P.,; Kingma, I.; Emanuel, K.; Hoogendoorn, R.; Welting, T.; van Royen, B.; van Dieén, J.; Smit, T. Mechanics and
biology in intervertebral disc degeneration: A vicious circle. Osteoarthr. Cartil. 2015, 23, 1057-1070. [CrossRef]

Bach, K.; Ford, ].; Foley, R.; Januszewski, J.; Murtagh, R.; Decker, S.; Uribe, ].S. Morphometric Analysis of Lumbar Intervertebral
Disc Height: An Imaging Study. World Neurosurg. 2019, 124, e106-e118. [CrossRef] [PubMed]


http://doi.org/10.1097/BRS.0b013e3181a48554
http://www.ncbi.nlm.nih.gov/pubmed/19525836
http://doi.org/10.1097/BRS.0b013e31828b2e2f
http://doi.org/10.1186/s12891-018-2178-4
http://doi.org/10.1186/s12891-018-2213-5
http://doi.org/10.1111/os.12495
http://doi.org/10.1016/j.ijscr.2016.04.043
https://www.accessdata.fda.gov/cdrh_docs/pdf16/P160050D.pdf
https://www.accessdata.fda.gov/cdrh_docs/pdf16/P160050D.pdf
http://doi.org/10.1007/s00701-017-3371-1
http://doi.org/10.22203/eCM.v025a01
http://www.ncbi.nlm.nih.gov/pubmed/23283636
http://doi.org/10.1007/s00586-019-06044-8
http://doi.org/10.1002/ca.22404
http://doi.org/10.1007/s00586-008-0856-x
http://doi.org/10.1016/S0736-0266(00)00069-3
http://doi.org/10.1007/s12178-017-9397-4
http://doi.org/10.1007/s00586-006-0176-y
http://doi.org/10.1007/s13770-017-0024-7
http://www.ncbi.nlm.nih.gov/pubmed/30603465
http://doi.org/10.1007/s00586-008-0712-z
http://doi.org/10.1055/s-0036-1571955
http://www.ncbi.nlm.nih.gov/pubmed/27433434
http://doi.org/10.22203/eCM.v027sa02
http://www.ncbi.nlm.nih.gov/pubmed/24802611
http://doi.org/10.1016/j.biomaterials.2017.03.013
http://www.ncbi.nlm.nih.gov/pubmed/28324865
http://doi.org/10.1002/jsp2.1029
http://www.ncbi.nlm.nih.gov/pubmed/30895276
http://doi.org/10.1115/1.4032353
http://www.ncbi.nlm.nih.gov/pubmed/26720265
https://www.goodmancampbell.com/spine-anatomy
http://doi.org/10.1016/C2016-0-01234-2
http://doi.org/10.1016/j.joca.2015.03.028
http://doi.org/10.1016/j.wneu.2018.12.014
http://www.ncbi.nlm.nih.gov/pubmed/30579030

Bioengineering 2022, 9, 47 19 of 20

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Grunhagen, T.; Wilde, G.; Soukane, D.M.; Shirazi-Ad]l, S.A.; Urban, J. Nutrient Supply and Intervertebral Disc Metabolism. . Bone
Jt. Surg. 2006, 88, 30.

Grunhagen, T.; Shirazi-Adl, A.; Fairbank, J.C.T,; Urban, ].P.G. Intervertebral Disk Nutrition: A Review of Factors Influencing
Concentrations of Nutrients and Metabolites. Orthop. Clin. N. Am. 2011, 42, 465-477. [CrossRef]

Yin, S.;; Du, H.; Zhao, W.; Ma, S.; Zhang, M.; Guan, M.; Liu, M. Inhibition of both endplate nutritional pathways results in
intervertebral disc degeneration in a goat model. |. Orthop. Surg. Res. 2019, 14, 138. [CrossRef]

Martins, D.E.; De Medeiros, V.P.; Wajchenberg, M.; Paredes-Gamero, E.J.; Lima, M.; Reginato, R.D.; Nader, H.; Puertas, E.B.;
Faloppa, F. Changes in human intervertebral disc biochemical composition and bony end plates between middle and old age.
PLoS ONE 2018, 13, €0203932. [CrossRef]

Sanginov, A.J.; Krutko, A.V.; Baykov, E.S; Lutsik, A.A. Outcomes of surgical treatment of lumbar disk herniation using an annular
closure device. Coluna/ Columna 2018, 17, 188-194. [CrossRef]

Gilbert, H.T.].; Hodson, N.; Baird, P.; Richardson, S.M.; Hoyland, J.A. Acidic pH promotes intervertebral disc degeneration:
Acid-sensing ion channel -3 as a potential therapeutic target. Sci. Rep. 2016, 6, 37360. [CrossRef]

Akgun, B.; Ozturk, S.; Cakin, H.; Kaplan, M. Migration of fragments into the spinal canal after intervertebral polyethylene glycol
implantation: An extremely rare adverse effect. J. Neurosurg. Spine 2014, 21, 614-616. [CrossRef]

Daly, C.; Ghosh, P.; Jenkin, G.; Oehme, D.; Goldschlager, T. A Review of Animal Models of Intervertebral Disc Degeneration:
Pathophysiology, Regeneration, and Translation to the Clinic. BioMed Res. Int. 2016, 2016, 5952165. [CrossRef]

Newell, N.; Little, J.P.; Christou, A.; Adams, M.A.M.; Adam, C.J.; Masouros, S.D.S.D. Biomechanics of the human intervertebral
disc: A review of testing techniques and results. J. Mech. Behav. Biomed. Mater. 2016, 69, 420-434. [CrossRef]

Goel, VK.; Monroe, B.T.; Gilbertson, L.G.; Brinckmann, P. Interlaminar shear stresses and laminae separation in a disc: Finite
element analysis of the 13-14 motion segment subjected to axial compressive loads. Spine 1995, 20, 689—-698. [CrossRef]

Eberlein, R.; Holzapfel, G.A.; Schulze-Bauer, C.A.J. An anisotropic model for annulus tissue and enhanced finite element analyses
of intact lumbar disc bodies. Comput. Methods Biomech. Biomed. Engin. 2001, 4, 209-229. [CrossRef]

Qasim, M.; Natarajan, R.N.; An, H.S.; Andersson, G.B.J. Initiation and progression of mechanical damage in the intervertebral disc
under cyclic loading using continuum damage mechanics methodology: A finite element study. J. Biomech. 2012, 45, 1934-1940.
[CrossRef] [PubMed]

Shahraki, N.M.; Fatemi, A.; Agarwal, A.; Goel, V.K. Prediction of clinically relevant initiation and progression of tears within
annulus fibrosus. J. Orthop. Res. 2017, 35, 113-122. [CrossRef] [PubMed]

Moroni, L.; Lambers, EM.; Wilson, W.; van Donkelaar, C.C.; de Wijn, J.R.; Huiskes, R.; and van Blitterswijk, C.A. Finite Element
Analysis of Meniscal Anatomical 3D Scaffolds: Implications for Tissue Engineering. Open Biomed. Eng. ]. 2007, 1, 23-34. [CrossRef]
Lacroix, D.; Planell, J.A.; Prendergast, P.J. Computer-aided design and finite-element modelling of biomaterial scaffolds for bone
tissue engineering. Philos. Trans. R. Soc. A Math. Phys. Eng. Sci. 2009, 367, 1993-2009. [CrossRef] [PubMed]

Galante, R.; Pinto, T.J.A.; Colago, R.; Serro, A.P. Sterilization of hydrogels for biomedical applications: A review. ]. Biomed. Mater.
Res. Part B Appl. Biomater. 2018, 106, 2472-2492. [CrossRef]

Lu, H.H.; Thomopoulos, S. Functional Attachment of Soft Tissues to Bone: Development, Healing, and Tissue Engineering. Annu.
Rev. Biomed. Eng. 2013, 15, 201-226. [CrossRef] [PubMed]

Ferreira, A.M.; Costa, E; Tralhdo, A.; Marques, H.; Cardim, N.; Adragao, P. MRI-conditional pacemakers: Current perspectives. In
Medical Devices: Evidence and Research; Dove Medical Press Ltd.: Auckland, New Zealand, 2014; Volume 7, pp. 115-124. [CrossRef]
ASTM F2052-15, Standard Test Method for Measurement of Magnetically Induced Displacement Force on Medical Devices in the Magnetic
Resonance Environment; ASTM International: West Conshohocken, PA, USA, 2015.

Zhu, J.; Marchant, R.E. Design properties of hydrogel tissue-engineering scaffolds. Expert Rev. Med. Devices 2011, 8, 607-626.
[CrossRef] [PubMed]

Drazin, D.; Ugiliweneza, B.; Al-Khouja, L.; Yang, D.; Johnson, P.; Kim, T.; Boakye, M. Treatment of Recurrent Disc Herniation: A
Systematic Review. Cureus 2016, 8, €622. [CrossRef] [PubMed]

Martens, E.; Vajkoczy, P; Jadik, S.; Hegewald, A.; Stieber, J.; Hes, R. Patients at the Highest Risk for Reherniation Following
Lumbar Discectomy in a Multicenter Randomized Controlled Trial. JBJS Open Access 2018, 3, e0037. [CrossRef] [PubMed]
Abdu, RW.; Abdu, W.A.; Pearson, A.M.; Zhao, W.; Lurie, ].D.; Weinstein, ].N. Reoperation for Recurrent Intervertebral Disc
Herniation in the Spine Patient Outcomes Research Trial. Spine 2017, 42, 1106-1114. [CrossRef]

Kienzler, ].C.; Klassen, P.D.; Miller, L.E.; Assaker, R.; Heidecke, V.; Frohlich, S.; Thome, C.; Annular Closure RCT Study Group.
Three-year results from a randomized trial of lumbar discectomy with annulus fibrosus occlusion in patients at high risk for
reherniation. Acta Neurochir. 2019, 161, 1389-1396. [CrossRef]

Haefeli, M.; Elfering, A. Pain assessment. Eur. Spine J. 2006, 15, S17-524. [CrossRef] [PubMed]

BS ISO 18192-2:2010, Implants for Surgery—Wear of Total Intervertebral Spinal Disc Prostheses; Nucleus Replacements; British
Standards Institution: London, UK, 2010.

BS ISO 18192-3:2017, Implants for Surgery. Wear of Total Intervertebral Spinal Disc Prostheses; Impingement-Wear Testing and
Corresponding Environmental Conditions for Test of Lumbar Prostheses under Adverse Kinematic Conditions; British Standards
Institution: London, UK, 2017.


http://doi.org/10.1016/j.ocl.2011.07.010
http://doi.org/10.1186/s13018-019-1188-8
http://doi.org/10.1371/journal.pone.0203932
http://doi.org/10.1590/s1808-185120181703193832
http://doi.org/10.1038/srep37360
http://doi.org/10.3171/2014.6.SPINE13855
http://doi.org/10.1155/2016/5952165
http://doi.org/10.1016/j.jmbbm.2017.01.037
http://doi.org/10.1097/00007632-199503150-00010
http://doi.org/10.1080/10255840108908005
http://doi.org/10.1016/j.jbiomech.2012.05.022
http://www.ncbi.nlm.nih.gov/pubmed/22682891
http://doi.org/10.1002/jor.23346
http://www.ncbi.nlm.nih.gov/pubmed/27325391
http://doi.org/10.2174/1874120700701010023
http://doi.org/10.1098/rsta.2009.0024
http://www.ncbi.nlm.nih.gov/pubmed/19380322
http://doi.org/10.1002/jbm.b.34048
http://doi.org/10.1146/annurev-bioeng-071910-124656
http://www.ncbi.nlm.nih.gov/pubmed/23642244
http://doi.org/10.2147/MDER.S44063
http://doi.org/10.1586/erd.11.27
http://www.ncbi.nlm.nih.gov/pubmed/22026626
http://doi.org/10.7759/cureus.622
http://www.ncbi.nlm.nih.gov/pubmed/27382530
http://doi.org/10.2106/JBJS.OA.17.00037
http://www.ncbi.nlm.nih.gov/pubmed/30280130
http://doi.org/10.1097/BRS.0000000000002088
http://doi.org/10.1007/s00701-019-03948-8
http://doi.org/10.1007/s00586-005-1044-x
http://www.ncbi.nlm.nih.gov/pubmed/16320034

Bioengineering 2022, 9, 47 20 of 20

103.

104.

105.

106.

107.

108.

109.
110.

111.

112.

113.

114.

BS ISO 18192-1:2011+A1:2018, Implants for Surgery. Wear of Total Intervertebral Spinal Disc Prostheses; Loading and Displacement
Parameters for Wear Testing and Corresponding Environmental Conditions for Test; British Standards Institution: London, UK,
2011.

ASTM F1717-18, Standard Test Methods for Spinal Implant Constructs in a Vertebrectomy Model; ASTM International: West Con-
shohocken, PA, USA, 2018.

ASTM F2789-10, Standard Guide for Mechanical and Functional Characterization of Nucleus Devices; ASTM International: West
Conshohocken, PA, USA, 2015.

ASTM F2346-18, Standard Test Methods for Static and Dynamic Characterization of Spinal Artificial Discs; ASTM International: West
Conshohocken, PA, USA, 2018.

ASTM F2423-11, Standard Guide for Functional, Kinematic, and Wear Assessment of Total Disc Prostheses; ASTM International: West
Conshohocken, PA, USA, 2016.

ASTM F3295-18, Standard Guide for Impingement Testing of Total Disc Prostheses; ASTM International: West Conshohocken, PA,
USA, 2018.

BS EN ISO 10993, Biological Evaluation of Medical Devices Parts 1-20; British Standards Institution: London, UK, 2009-2021.
ASTM F981-04, Standard Practice for Assessment of Compatibility of Biomaterials for Surgical Implants with Respect to Effect of Materials
on Muscle and Insertion into Bone; ASTM International: West Conshohocken, PA, USA, 2016.

ASTM F1983-14, Standard Practice for Assessment of Selected Tissue Effects of Absorbable Biomaterials for Implant Applications; ASTM
International: West Conshohocken, PA, USA, 2014.

ASTM F3142-16, Standard Guide for Evaluation of in vitro Release of Biomolecules from Biomaterials Scaffolds for TEMPs; ASTM
International: West Conshohocken, PA, USA, 2016.

ASTM F2150-19, Standard Guide for Characterization and Testing of Biomaterial Scaffolds Used in Regenerative Medicine and Tissue-
Engineered Medical Products 1, ASTM International: West Conshohocken, PA, USA, 2019.

ASTM F3224-17, Standard Test Method for Evaluating Growth of Engineered Cartilage Tissue Using Magnetic Resonance Imaging 1;
ASTM International: West Conshohocken, PA, USA, 2017.



	Introduction 
	Background 
	The Importance of Annular Closure 
	Commercial Annular Closure Devices 
	Inclose and Xclose Systems 
	AnchorKnot® Tissue Approximation Kit 
	Barricaid® Annular Closure Device 


	Design Requirements for an Annular Closure Device 
	Previous Efforts at Developing an Annular Repair/Regeneration Strategy 
	Aims and Scope 
	Key Requirements for an Annular Repair Strategy 
	Mechanical Requirements 
	Biological Requirements 
	Material Requirements 

	Preclinical Testing 
	Considerations for Clinical Translation 
	Sterilization 
	Delivery and Attachment 
	Postoperative Imaging 
	Same Level Symptomatic Reherniation 
	Device Loosening, Failure, and Safe Removal 
	Pain Score Improvement 

	Current Testing Standards 

	Conclusions and Recommendations 
	Appendix A
	References

